A silicon light source at communication wavelength is the bottleneck for developing monolithically integrated silicon photonics. Doping silicon with erbium ions was believed to be one of the most promising approaches but suffers from the aggregation of erbium ions that are efficient non-radiative centers, formed during the standard rapid thermal treatment. Here, we apply a deep cooling process following the hightemperature annealing to suppress the aggregation of erbium ions by flushing with Helium gas cooled in liquid nitrogen. The resultant light emitting efficiency is increased to a record 14% at room temperature, two orders of magnitude higher than the sample treated by the standard rapid thermal annealing. The deep-cooling-processed Si samples were further made into light-emitting diodes. Bright electroluminescence with a spectral peak at 1.54 µm from the silicon-based diodes was also observed at room temperature. With these results, it is promising to develop efficient silicon lasers at communication wavelength for the monolithically integrated silicon photonics.
The monolithic integration of fiber optics with complementary metal-oxidesemiconductor (CMOS) integrated circuits will significantly speed up the computing and data transmission of current communication networks. [1] [2] [3] This technology requires efficient silicon-based lasers at communication wavelengths. 4, 5 Unfortunately, silicon is an indirect bandgap semiconductor and cannot emit light at communication wavelengths. Erbium ions (Er 3+ ) have radiative emissions at 1.54 µm which is in the telecommunication wavelength band for long haul optic fibers. [5] [6] [7] [8] Introducing erbium ions (often with oxygen) into silicon by ion implantation was believed to be one of most promising approaches [8] [9] [10] among others [11] [12] [13] [14] [15] [16] to create silicon-based lasers. However, during the standard rapid thermal treatment, erbium dopants aggregate to form clusters that are efficient nonradiative recombination centers. 17, 18 As a result, the emission from erbium doped silicon is extremely weak at room temperature. 5-10, 17, 18 Here, we applied a deep cooling (DC) process following the high-temperature thermal annealing on the erbium and oxygen co-doped silicon wafer at a cooling rate up to 1000 °C/s by flushing with Helium gas cooled in liquid nitrogen (77 K). The dramatic cooling process suppresses the aggregation of Er dopants that occurs during the slow cooling process of the high-temperature thermal annealing, allowing for a strong room-temperature emission at 1.54 µm from the Er/O co-doped silicon wafer. The internal quantum efficiency of the emission reaches a record of 14%, approximately 2 orders of magnitude higher than the samples treated by the standard rapid thermal annealing (RTA). The DC-processed Si samples were further made into light-emitting diodes (LED). Bright electroluminescence with a spectral peak at 1.54 µm from the siliconbased diodes was also observed at room temperature. Given the single crystalline nature of the silicon substrate, efficient silicon lasers may be readily developed for the full integration of fiber optics with CMOS circuitry. It is known that the photoexcited electron-hole pairs in silicon can recombine through three competing paths. The first path is radiative recombination and the other two paths are the nonradiative Shockley-Read-Hall (SRH) and Auger recombination. 19 The SRH recombination can be suppressed by lowering the operating temperature. The Auger recombination is highly dependent on the concentration of photogenerated electronhole pairs. As the excitation laser power is reduced, the Auger recombination will be minimized. In Fig. 1d , we recorded the relative quantum efficiency (QE) of the DCprocessed sample at 4 K to suppress the SRH recombination (PL shown in the Supplementary Fig. 2b ). When the excitation laser power is reduced to < 1 mW, the Auger recombination is minimized and the excited electron-hole pairs can only recombine radiatively via the 4f transition of the Er ions. In this case, the internal quantum efficiency (IQE) must saturate to 100% (red squares in Fig. 1d ). 20 At 300 K, the IQE also saturates as the excitation laser power is reduced (PL shown in the (Fig. 2c) . When it is forward biased, the diode has a strong emission at room temperature with the spectral characteristics of Er ions (Fig. 2d) . As the injecting current ramps up, the emission peak at 1.54 μm increases rapidly. A near-infrared optical microscope (0.9 -1.7 μm) was employed to record the device lightening-up process (see the setup in Supplementary Fig. 3 and the video in the Supplementary Video). The emission images of the device at the driving current of ~35 mA, ~50 mA and ~65 mA are shown in Fig. 2e , f and g, respectively. To understand the mechanism of the strong emission from the DC-processed sample, we used the high resolution transmission electron microscopy (HR-TEM) to examine the microstructure of the Er/O co-doped layer as shown in Fig. 3 . It was previously reported that Er ions tend to aggregate during the slow cooling process of the standard RTA treatment. 17, 18 The aggregation of Er ions forms efficient nonradiative clusters that strongly suppress the emission of Er ions at room temperature. [5] [6] [7] [8] [9] [10] The dramatic cooling of the DC process can freeze the dispersed Er dopants at high temperature (950 ℃) in an ultrashort time (possibly micro seconds), which helps prohibit the aggregation of Er ions. The cross-sectional TEM images show that Er nanocrystals as large as ~5 nm in diameter are clearly visible in the RTA-treated samples (Fig. 3a) . The nanocrystals are more interconnected and aggregated. In the DC processed sample, Er nanocrystals are clearly smaller (< 1 nm) and more sparsely distributed as shown in Fig. 3b . The TEM image of a DC-processed intrinsic Si sample is shown in Fig. 3c for reference. This contrast is consistent with our expectation that the aggregation of Er ions is suppressed by the DC process, as a result of which the emission efficiency of Er/O co-doped Si samples is significantly increased at room temperature. The side effect of the DC process is that the thermal shock may create dislocations and cracks in the wafer surface. 21 The X-ray diffraction (XRD) pattern ( Supplementary Fig. 4) shows that the silicon wafer remains a nearly perfect crystalline structure after the wafer is treated with the DC process. No cracks were observed by visual inspection. Indeed, TEM images show that some dislocations were formed in the silicon substrate 150 nm below the surface ( Supplementary Fig. 5 ). The impact of these dislocations on CMOS transistors and the Si LED will be further evaluated. If needed, new measures, for example, a long time of thermal treatment at relatively low temperature may be able to remove these dislocations. In short, we presented a DC process to treat the Er/O co-doped single crystalline silicon wafers. After the treatment, the aggregation of Er ions is suppressed, as a result of which strong room-temperature photoluminescence at telecommunication wavelength was observed from the silicon samples. We further doped the samples with boron dopants and eventually realized an efficient room-temperature silicon LED device at 1.54 μm. Given the fact that these results were realized on single-crystalline silicon, it is promising to develop room-temperature silicon lasers for fully integrated silicon photonics in future. After Al metal wire bonding (7476D, West Bond), the devices were integrated on a PCB board.
The J-V curves of the Er/O-Si LED devices were measured using a digital sourcemeter (Keithley 2400) controlled by a Labview script. For EL measurements, the devices were electrically pumped by the sourcemeter and the emission spectra were collected using the same FTIR system for PL measurements.
Near Infrared imaging of the emission from the Er/O-Si LED devices was obtained at room temperature under optical microscope (BX53M, Olympus) equipped with a NIR camera (C12471-03, Hamamatsu). The setup is shown in the Supplementary Fig. 3 . The recorded photographs and videos are shown in Fig. 2e , f, and g and Supplementary Video.
Microstructure characterization. The microstructure of Er/O-Si samples were extensively investigated with TEM and XRD techniques. XRD patterns were acquired with a poly-functional X-ray diffractometer (D8 advance, Bruker) shown in Supplementary Fig. 4 . In comparison, XRD patterns of the intrinsic and Er/O-implanted Si samples without any thermal treatment were also collected. Talos F200X field-emission TEM was employed to take the EDX and TEM images ( Supplementary Fig. 5 ) of a sample slide that was cut from the samples using focused ion beam
